The fl-galactosidase gene (lacZ) of Escherichia coli was inserted in phase with the coding sequence of the Autographa californica nuclear polyhedrosis virus (AcMNPV) late-expressed Mr 10000 (pl0) gene. The fusion gene was inserted into the AcMNPV genome by cotransfection of a recombinant plasmid pAcR159Z, consisting of the EcoRI P fragment-containing pBR325-derived plasmid pAcR159 and the lacZ insert inthe p 10 gene, and wild-type AcMNPV DNA. Infection of Spodopterafrugiperda cells by the resulting recombinant AcMNPV/p 10Z-2 showed high level expression of a p 10-lacZ fusion protein, but no synthesis of pl0. Therefore, the pl0 gene is dispensable for virus replication and the pl0 promoter is effective in driving the expression of foreign genes. Cells infected with AcMNPV/pl0Z recombinants resembled those infected with wild-type AcMNPV in the amounts of polyhedrin synthesized and polyhedra formed, although pl0 was absent. The nucleus and cytoplasm of AcMNPV/pl0Z-2-infected cells lacked the fibrous structures that are associated with pl0 in wild-type AcMNPV-infected cells. Instead, large granular structures were observed that were found by immunogold labelling to contain the lacZ gene product. The electron-dense 'spacers', thought to be precursors of the polyhedron membrane, were absent from cells infected by the recombinant virus and the polyhedra did not have a membrane. The recombinant AcMNPV/pl0Z-2 was at least twice as virulent for second instar S. exigua larvae than was wild-type AcMNPV. The increased virulence of the recombinant is an important property for the control of insects.
INTRODUCTION
The genome of Autographa californica multiple nucleocapsid nuclear polyhedrosis virus (AcMNPV) consists of a double-stranded, covalently closed circular DNA about 130 kbp in length Cochran et al., 1982) . Late in the infection of Spodopterafrugiperda cells by AcMNPV, two proteins are abundantly synthesized, polyhedrin (p33) and a protein of Mr approximately 10000 (10K or pl0) (Vlak et al., 1981 ; Smith et al., 1982 Smith et al., , 1983c Rohel et al., 1983) . Polyhedrin is the major component of occlusion bodies and is found exclusively in nuclei of virus-infected cells (Vlak & Rohrmann, 1985) . The pl0 protein is associated (Van der Wilk et al., 1987) with large fibrous structures, found in the nucleus and cytoplasm of baculovirusinfected cells (Summers & Arnott, 1969; MacKinnon et al., 1974; Chung et al., 1980; Tanada & Hess, 1984) .
The gene for pl0 has been located on fragment EcoRI P of AcMNPV DNA by hybridization selection and in vitro translation of RNA from infected cells Rohel et al., 1983) . The nucleotide sequence of the pl0 gene (Kuzio et al., 1984) and its 5' flanking sequence (Liu et al., 1986) are known and the mode of transcription has been investigated (Rankin et al., j.M. VLAK AND OTHERS 1986) . The sequence of the pl0 gene revealed an open reading frame of 279 bp coding for a polypeptide of 93 amino acid residues. The promoter region of the pl0 gene contains highly conserved sequences that are found in all other late hyper-transcribed baculovirus polyhedrin and pl0 genes that have been sequenced (Vlak & Rohrmann, 1985; Rohrmann, 1986; Leisy et al., 1986) .
Recently, the polyhedrin gene has been the locus for insertion of passenger genes which were then abundantly expressed in infected insect cells (Smith et al., 1983b; Pennock et al., 1984; Luckow & Summers, 1988) . In this report we describe the construction of a baculovirus recombinant based on the pl0 gene, which expresses a plO-lacZ fusion protein at a high level. Implicitly, we show that the p 10 gene is dispensable for viral replication as has been postulated (Miller et al., 1986) . We furthermore provide evidence that the 10K Protein is a structural element of the fibrous structures and that it may play a major role in the formation of the electron-dense 'spacers' and the assembly of the polyhedron membrane.
METHODS
Virus, cells andplasmids. The S.frugiperda cell line IPLB-SF-21 (Vaughn et al., 1977) was used and maintained in tissue culture flasks in TN MFH medium (Hink, 1970) containing 10% foetal calf serum. The A. californica MNPV strain E2 (Smith & Summers, 1978) was obtained from Dr M. D. Summers (Texas A & M University, College Station, Tx., U.S.A.) and used as wild-type virus. Recombinant AcMNPV/p33Z, containing a polyhedrin-lacZ fusion gene instead of that encoding polyhedrin, was obtained according to . The plasmid pMC 1871 containing the/~-galactosidase (lacZ) gene (Casadaban et al., 1981) was obtained from Dr J. Jore (TNO, Rijswijk, The Netherlands); the plasmid pAcR 159, containing the complete p 10 gene (Kuzio et al., 1984) , was as described previously (Smith et al., 1983c) .
Construction of the transfer vector pAcR159Z. Plasmid pAcR 159 containing AcMNPV DN A fragment EcoRI P (Smith et al., 1983 c) was digested to completion with BgllI. This site is present in the coding region of the p 10 gene (Kuzio et al., 1984) . A blunt-ended 3 kbp BamHI fragment of pMC1871 containing lacZ was ligated to the linearized blunt-ended plasmid pAcR 159 according to Maniatis et al. (1982) as detailed in the Results section. This manipulation gave the transfer vector pAcR159Z (Fig. 1) .
Infection and transfection of insect cells. S.frugiperda cells were cotransfected with AcMNPV DNA and plasmid DNA using the calcium phosphate precipitation technique essentially as described by Smith et al. (1983b) . DNA of the plasmid pAcR159Z was recovered from transformed Escherichia coti HB101 by the alkaline lysis method of Birnboim & Doly (1979) and, after RNase treatment and phenol extraction, used directly in the transfection. Five ~tg of plasmid together with 0.1 p.g AcMNPV DNA were added to 2 x 105 S.frugiperda cells in 35 mm diameter Petri dishes. After 1 h incubation with the DNA precipitate, the cells were overlaid with liquid medium. After 3 days at 27 °C the extracellular virus was taken and titrated at dilutions appropriate to render separated plaques in a conventional plaque assay. After 4 days at 27 °C the agar was overlaid with 200 ixl TNMFH medium containing 2 mg/ml Of the fl-galactosidase indicator 5-bromo-4-chloro-3-indolyl-~-D-galactopyranoside (X-gal). Recombinant plaques were recognized by their blue colour and picked. The recombinants, designated AcMNPV/pl0Z, were plaque-purified three times to reach genetic homogeneity and grown into high titre virus stocks (2 × 109 TCIDs0 units per ml). As controls, recombinants containing a polyhedrin-lacZ fusion gene instead of that for polyhedrin were used (AcMNPV/p33Z).
Virus infection of S. frugiperda cells was at a multiplicity of infection of 10 TCIDs0 units per cell. DNA andprotein analysis. Extracellular virus was obtained from cell culture fluid by filtration through 0.45 ~tm pore size filters and centrifugation for 45 rain at 100000 g and 4 °C. The sedimented virus was resuspended in TE (10 mM-Tris-HC1 pH 7.5, 1 mM-EDTA), treated with proteinase K and SDS, and extracted twice with phenol saturated with TE, once with phenol/chloroform/isoamyl alcohol (25:24:1) and once with chloroform/isoamyl alcohol (24:1) . The DNA was extensively dialysed against TE and used for DNA analysis and transfection.
DN A was digested with restriction enzymes (Bethesda Research Laboratories) according to the manufacturer's instructions and analysed on 0.7% agarose gels as described by Maniatis el al. (1982) .
For protein analysis, infected and mock-infected cells were washed three times in PBS (phosphate-buffered saline), boiled in 10mM-Tris-HCl pH8.0, 1 mM-EDTA, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol and 0.001% (w/v) bromophenol blue, and analysed by SDS-PAGE on 12.5 % gels according to Laemmli (1970) . The gels were stained with Coomassie Brilliant Blue.
Electron microscopy and immunogoM labelling. S.frugiperda cells were inoculated in tissue culture flasks with an input multiplicity of infection of 20 TCIDs0 units per cell of either wild-type AcMNPV, strain E2, or recombinant AcMNPV/plOZ-2 and incubated for 48 h. The cells were further processed for electron microscopy and immunogold labelling as described previously (Van Lent & Verduin, 1986; Van der Wilk et al., 1987) . Bioassays. The biological activity of AcMNPV wild-type and recombinants was determined using the microdroplet assay essentially as described by Hughes & Wood (1981) and tailored and standardized for second instar larvae of the beet armyworm S. exigua (Smits & Vlak, 1988) . Briefly, larvae were starved overnight and were then allowed to ingest an amount of fluid containing a known dose of virus over a short period of time. After virus uptake the larvae were further reared on an artificial diet for 10 days. The percentage mortality was then determined for a series of known virus concentrations. The median lethal concentration (LCs0) was calculated from probit mortality plots. The median lethal dose (LD5o), expressed as a number of polyhedra, was derived from the volume known to have been ingested by the second instar larvae of S. exigua (0.33 + 0-13 gtl) and the LCs0 (in polyhedra per ml). The LTso was determined from a time-mortality plot at an LD value > 95. Statistical analyses were carried out as described by Smits & Vlak (1988) .
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RESULTS
Construction of transfer plasmid pAcR159Z and isolation of AcMNPV/plOZ recombinants
The pl0 gene is located on fragment EcoRI P of AcMNPV Rohel et al., 1983) and has been completely sequenced (Kuzio et al., 1984) . A cloned copy of this fragment (pAcR159; Smith et al., 1983 e) was used to construct a transfer vector. In order to recognize a pl0-deficient AcMNPV, an in-phase fusion of the N-terminal end of the pl0 gene and the lacZ gene of E. coli (Casadaban et al., 1981) abundant expression of the fusion product allowed the selection of putative recombinants as blue plaques in a conventional plaque assay using the lacZ indicator X-gal. Plasmid pAcR159, containing the 1950 bp EcoRI P fragment of AcMNPV (Smith et al., 1983c) , has a single site for restriction enzyme BgllI (Fig. 1 ) located 153 bp downstream from the ATG start codon of the pl0 gene (Kuzio et al., 1984) . The linearized plasmid was made blunt-ended using the Klenow fragment of E. coli DNA polymerase I and was ligated with T4 DNA ligase to the blunt-ended 3050 bp BamHI fragment of pMC1871 containing the coding sequence of lacZ. This manipulation resulted in the transfer vector pAcR159Z (Fig. 1) . The correct orientation of the lacZ gene with respect to the p 10 promoter region was verified using the asymmetric SstI site in the lacZ gene (data not shown). As a result of the ligation, the Nterminal 51 amino acids of pl0 ending with lie (ATC), followed by Asp (GAT) and Pro (CCC) residues from the blunt-end BgllI/BamHI ligation, were joined in phase to 1015 amino acids of the lacZ protein starting with Val (GTC) (Fig. 2) . The lacZ gene carries three translation stop codons and is followed by the truncated C-terminal end of the pl0 gene, which remains untranslated.
The p 10-1acZ fusion gene was transferred to AcMNPV by transfection of S. frugiperda cells with wild-type AcMNPV DNA and the transfer vector pAcR159Z. Positive recombinants (AcMNPV/p 10Z) were selected by the appearance of blue plaques in the presence of X-gal. Five plaques were picked and two of these were further purified to genetic homogeneity by two more rounds of plaque purification. The titres of extracellular recombinant and wild-type viruses were similar (5 x 108 TCIDso units per ml medium), suggesting that the pl0 gene was not essential for the replication of extracellular virus.
D NA analysis of Ac MNP V/p l OZ recombinants
The DNA of two putative recombinants expressing the lacZ gene were digested with EcoRI and compared to similarly treated DNA from wild-type AcMNPV and the parental plasmids pAcR159 and pAcR159Z (Fig. 3) . In the recombinants (lanes 2 and 4) fragment EcoRI P, containing the pl0 gene, was absent (see lane 3). Instead, two new EcoRI fragments of 1-5 and 3-5 kbp appeared that were identical in size to fragments of pAcR159Z making up the complete insert in this plasmid (lane 1). The nature of these two fragments was confirmed by Southern blot hybridization with lacZ insert DNA (data not shown). These analyses indicated that the pt0-lacZ fusion gene had been correctly inserted into the pl0 locus of the AcMNPV genome. (Vlak et al., 1981; Smith et al., 1982; Guarino & Summers, 1986) . The nature and origin of this insert and its biochemical and cytopathological consequences have not yet been further investigated.
Protein synthesis in S. frugiperda cells infected with AcMNPV/plOZ
S. frugiperda cells were infected with recombinant or wild-type A c M N P V and the proteins present in the cells 72 h post-infection were analysed by P A G E (Fig. 4) . In cells infected with wild-type A c M N P V (lane 2), pl0 was abundant, but it was absent from cells infected with recombinant AcMNPV/pl0Z-2 (lane 3). Instead, in these cells a new protein of approximate M r 120000 (120K) was detected in large amounts. This protein is probably the fusion protein containing the N terminus of pl0 (Mr 5000) and lacZ (Mr 116000), since it was slightly larger than the polyhedrin-laeZ fusion protein (116K) made in cells infected with the recombinant AcMNPV/p33Z (lane 4). In the latter recombinant the polyhedrin promoter drives the expression of lacZ . In AcMNPV/pl0Z-2-infected cells the synthesis of the other virus-specific proteins, such as polyhedrin, was indistinguishable from that of proteins in cells infected with AcMNPV. The protein pattern of AcMNPV/pl0Z-l-infected cells was indistinguishable from that of AcMNPV/pl0Z-2-infected cells (data not shown).
Electron microscopy of S. frugiperda cells infected with wild-type AcMNPV and recombinant
AcMNPV/plOZ-2 S. frugiperda cells were infected with either wild-type AcMNPV or recombinant AcMNPV/pl0Z-2 and viewed in the electron microscope (Fig. 5) . In the nuclei of cells infected with recombinant virus (Fig. 5b ) the large cuboidal inclusion bodies, referred to as polyhedra, were observed in the same quantity and size as in wild-type AcMNPV-infected cells (Fig. 5a) . Also the numbers of occluded virions per nuclear section were similar in cells infected with either type of virus.
However, in the nucleus of recombinant virus-infected cells (Fig. 5 b) the fibrous structures and the associated electron-dense 'spacers' (MacKinnon et al., 1974) were absent. In addition, the polyhedra in these nuclei lacked a membrane (see also Fig. 6b and c) . Instead, large granular structures were observed in the nucleus and associated with polyhedra, which is the same location as the fibrous structures in wild-type AcMNPV-infected cells. Neither these granular structures nor fibrous structures were observed in the cytoplasm. These observations suggest that the manipulation of the p 10 gene affected the formation of fibrous structures and impaired the last stage of polyhedron morphogenesis, the assembly of the polyhedron membrane.
Immunogold labelling of S. frugiperda cells infected with wild-type AcMNP V and recombinant
AcMNPV/plOZ-2 In order to verify the initial observations in the electron microscope, ultrathin sections of cells infected with either wild-type AcMNPV or AcMNPV/pl0Z-2 were treated with antiserum against p 10 or the lacZ gene product. Bound antibodies were detected with Protein A-gold (Fig.  6 ). After treatment of wild-type AcMNPV-infected cells (Fig. 6a) with p 10 antiserum, the gold label was found almost exclusively in the fibrous structures, as has been recently reported (Van der Wilk et al., 1987) . In recombinant virus-infected ceils, only a low level of gold label was found associated with the granular structures when pl0 antiserum was used (Fig. 6b) . When these sections were similarly treated with antiserum against the lacZ protein, high levels of gold label were found associated with the granular structures in the nucleus (Fig. 6c) . Low levels of gold particles were also found scattered in the nucleoplasm and associated with virions in the polyhedra. Control experiments with wild-type AcMNPV-infected cells indicated that antiserum against lacZ protein reacted strongly with virions (data not shown), a phenomenon that was not further investigated.
Biological activity of the AcMNP V/p lOZ recombinants
Both AcMNPV/pl0Z recombinants were infectious for S. exigua larvae and induced similar yields ofpolyhedra per larva (approx. 109), as determined by counts ofpolyhedra. The biological activity of AcMNPV/pl0Z-2 was further investigated and compared to wild-type AcMNPV using a bioassay (Table 1 ). The LDso value for recombinant AcMNPV/pl0Z (4.2 polyhedra) was significantly different from that for the wild-type virus (11.2 polyhedra). The dose-mortality regression lines of the two virus types were parallel (a 'common' slope of 1.4431), but not homogeneous. The LTs0 values for the two virus types were nearly identical at about 105 h suggesting that the fusion protein was not toxic to insects. 
DISCUSSION
Baculoviruses have a number of unique properties which make them attractive as eukaryotic expression vectors. Two infectious forms of the virus emerge in a temporally regulated fashion in baculovirus-infected cells (Faulkner, 1981; Kelly, 1982) . The extracellular virus form is produced early after infection and consists of a single nucleocapsid surrounded by an envelope acquired by budding through the cell membrane. This form is responsible for the systemic spread from cell to cell in the larva and in cell culture. The second infectious entity is synthesized late after infection in the form of polyhedra, where virus particles are occluded in a large protein capsule, the polyhedron. This is the infectious form for larvae. Other unique properties are that the viral DNA genome is expansible in size, that very late genes are dispensable for the replication of extracellular virus and that these genes are hyper-expressed. Smith et at. (1983a) showed that the polyhedrin gene of AcMNPV is not essential for virus replication, and therefore dispensable. Due to its strong promoter the polyhedrin gene has been exploited to drive the high level expression of a number of pro-and eukaryotic genes (see Luckow & Summers, 1988, for review) . The observation that foreign gene products are glycosylated to give functional products (Matsuura et al., 1987) adds to the advantages of the baculovirus expression vector system. In this paper we show that the other major late gene, pl0, is also not essential for virus replication and can be exploited to express foreign genes without major interference with virus replication and occlusion. We describe the insertion of the E. coli lacZ gene into the p 10 gene of AcMNPV and the effect of such recombinants on cytopathology and biological activity.
To facilitate the insertion of a plO-lacZ fusion gene into the AcMNPV genome by homologous recombination, a transfer vector (pAcR159Z) was constructed (Fig. 1) . LacZ was chosen as a marker gene, since its expression of fl-galactosidase allowed convenient detection of putative recombinants. Based on the analysis of the viral DNA, two types of recombinant were recovered. Since the production of extracellular virus in AcMNPV/pl0Z-2-infected S. frugiperda cells was comparable to that in cells infected by wild-type AcMNPV, it is clear that the absence of a complete pl0 gene product did not affect virus replication and that the pl0 gene is dispensable as was postulated by Miller et al. (1986) . The presence of large amounts of the expected plO-lacZ fusion protein (Fig. 4) demonstrated that the pl0 gene promoter can drive the high level expression of a foreign gene. Recombinant AcMNPV/pl0Z-2 might be very useful in detecting recombinants with foreign genes at the pl0 locus, as they can be recognized by the absence of a lacZ gene product. This now opens the possibility of exploiting the pl 0 gene as a locus for the insertion of genes for cytotoxic substances and to use the polyhedra as a vector in insects. Such recombinants may improve the efficacy of AcMNPV in controlling insect pests. Since pl0-1ike genes have been reported for other baculoviruses (Leisy et al., 1986) , a similar approach is feasible with those viruses. It should also be possible now to construct a dual baculovirus expression vector where both the polyhedrin and pl0 promoters are used simultaneously to express foreign genes. This could be very useful when trans-acting proteins, e.g. proteases, need to be present in order to cleave gene products expressed under the control of the alternative promoter.
In a previous study we demonstrated that pl0 was specifically associated with fibrous structures in the nucleus and cytoplasm (Van der Wilk et al., 1987) . In cells infected with recombinant AcMNPV/pl0Z-2 these fibrous structures were absent and there was no longer a strong reaction with p 10 antiserum (Fig. 6 b) . This supports our previous conclusion that the p 10 polypeptide is a structural component of the fibrous structures. The electron-dense 'spacers', found associated with the fibrous structures and thought to be nascent polyhedron membranes (MacKinnon et al., 1974) , were also absent from AcMNPV/pl0Z-2-infected cells. This appears to be a result of the mutilation of the pl0 gene. As a consequence, the polyhedra in these cells are not surrounded by a polysaccharide membrane (Minion et al., 1979 ). These results demonstrate that pl0 is not only a structural element of the fibrous structures, but is also involved in the formation of electron-dense 'spacers'. Quant-Russell et al. (1987) recently showed by immunofluorescent staining of Lymantria dispar cells infected with Orgyiapseudotsugata MNPV (OpMNPV) using monoclonal antibodies against OpMNPV p 10 that this p 10 was associated with virion nucleocapsids and that it formed structures in the cytoplasm in association with the cytoskeleton. They also found a reaction of their pl 0 antiserum with the cytoskeleton of uninfected cells and suggested an intimate relation of pl0 with the cytoskeleton during infection. It is therefore possible that pl0 has multiple functions in the infection cycle.
The effect of the truncated p 10 on the structure of the fibrous structures might be influenced by the presence of the plO-lacZ fusion product. The presence of this product can be clearly demonstrated using antiserum against the latter gene product (Fig. 6 b) . Some of the structural features of the former fibrous structures are retained, since the new granular structures are still associated with polyhedra ( Fig. 5 b and 6 b, c) . The N terminus of p 10 may be responsible for this association.
The recombinant virus appeared to be at least twice as virulent as wild-type AcMNPV (Table  1) . The increased virulence can be explained by the absence of a polyhedron membrane in recombinant polyhedra, as this would result in a more efficient release of occluded virions from the polyhedra in the alkaline environment of the insect midgut. This hypothesis will be further investigated by polyhedron dissolution studies in vitro. The absence of a polyhedron membrane may also result in reduced stability of these recombinants in the environment. This may be a desirable property for engineered baculoviruses released en masse for immediate insect control, as it may reduce the long term persistence of the recombinant in the environment.
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